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Quantum degeneracy modifies light scattering and spontaneous emission. For fermions, Pauli 
blocking leads to a suppression of both processes. In contrast, in a weakly interacting Bose-Einstein 
condensate, we find spontaneous emission to be enhanced, while light scattering is suppressed. 
This difference is attributed to many-body effects and quantum interference in a Bose-Einstein 
condensate. 



For a long time, spontaneous emission and light scat- 
tering were regarded as intrinsic properties of atoms. 
However, quantum electrodynamics (QED) revealed the 
connection between these phenomena and the electro- 
magnetic modes of the vacuum. Spontaneous emission 
and scattering can only take place when a vacuum mode 
is available to accommodate the emitted or scattered 
photon. The insight that small cavities can be used 
to modify the vacuum is exploited in cavity-QED ex- 
periments j^]. Recent breakthroughs in the experimen- 
tal realization of gaseous quantum degenerate systems of 
bosons lH-^ and fermions ^ have opened the possibility 
to use quantum degeneracy to modify the emission and 
scattering behavior of atoms. While a cavity changes the 
mode structure for the scattered or emitted photon, the 
presence of a quantum degenerate system modifies the 
modes for the recoiling atom. 

Quantum degeneracy influences spontaneous emission 
and light scattering via the presence of population in the 
final quantum states of the process. Generally, transi- 
tion rates between an initial state with population A'^i 
and a final state with population N2 are proportional to 
A^i(l -I- N2) for bosons and to iVi(l — N2) for fermions. 
This reflects the well-known fact that in a bosonic system 
the transition into an already occupied state is enhanced 
by bosonic stimulation, while in fermionic systems, occu- 
pation of a state prevents a transition into this state by 
Pauli blocking. 

In this note, we show theoretically that in a weakly in- 
teracting Bose-Einstein condensate spontaneous emission 
is enhanced and calculate the enhancement factor. We 
compare this result to light scattering in a Bose-Einstein 
condensate (BEC), which is suppressed as we have shown 
experimentally and theoretically in previous work |0] . In 
contrast, in fermionic systems quantum degeneracy leads 
to a suppression of both spontaneous emission and light 
scattering [p[-|Tot. 

For simplicity we consider a homogeneous system of 
atoms at zero temperature, which exhibits all the sig- 
niflcant features. The system is assumed to consist of 



N atoms with mass to at a density n in a volume V ^ 
which is sufficiently large such that the summations over 
quantum states can be approximated by integrals. 

A non-interacting BEC at T = can be described by 
a single-particle ground-state wavefunction with ampli- 
tude \/N . Thus, the occupation of quantum states with 
wavevector k is given by iV(k) = N 5{k). Since the fi- 
nal states for spontaneous emission and light scattering 
with a finite momentum transfer q are not occupied, both 
processes occur at the single-atom rate. 

This situation changes drastically for an interacting 
condensate. Here, two atoms in the zero-momentum 
state are coupled to states with momenta -l-k and — k. 
This changes the excitation spectrum uj{k) from the free- 
particle form, hLo(k) = Ej.{k), to the spectrum of Bo- 
goliubov quasi-particles, fiuj{k) — y/ Er{k){Er{k) + 2fi). 
Here, n is the chemical potential and Er{k) = h'^k^/2'm 
the recoil energy associated with the momentum k. The 
chemical potential is a measure for the interatomic inter- 
actions and is related to the s-wave scattering length a 
hy fj, — ^ttTt? an / m. 

The atom-atom interaction admixes pair correlations 
into the ground state wavefunction |BEC, N) of a BEC 
with N atoms, yielding the structure pd| ] 

|BEC,7V) = |iV, 0, 0) (1) 
-a\N - 2, 1, 1) -I- a^i^v - 4, 2, 2) -I- . . . , 

where a — \ — l/u^. Here |iVo, iVfc, iV_fc) denotes a 
state with A^o atoms in the zero-momentum state and 
N±k atoms in states with momentum ±fc. In Eq.(|l|) a 
summation over all momenta k is implicitly assumed. 
The average population of momentum states is given by 
N{k) = uj. — 1 = vf., where Uk — coshipk, Vk = smh(j)k 
and tanh20fc = fi/{Ej.{k) + fJ.). 

To study the effect of the presence of a BEC on spon- 
taneous emission, we consider an excited atom at rest 
added to a BEC of N ground-state atoms. This system 
is described by an initial state \i) = a]! q|BEC, N), where 

flg Q creates an electronically excited atom at rest. We 
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use Fermi's golden rule to obtain the rate for sponta- 
neous emission. The only difference to the single-atom 
spontaneous decay rate F comes from the overlap matrix 
elements to the final momentum state |/), (/|a|,^ae,oK) 
where aj^.^ is the creation operator for a free ground state 
atom with momentum kL- Summing over all final states 
one arrives at 



7BEC - r (BEC, N\ak^al |BEC, N) 



(2) 



Thus, the spontaneous emission rate is proportional to 
the square of the norm of the state vector |e+) = 



At 



|BEC,7V). 



To calculate the norm of |e ) explicitly, we transform 
to Bogoliubov operators by substituting — u^hk — 
Vkb'Lk- The operators bj, and bk are the creation and 
annihilation operators for the microscopic quasi-particle 
excitations of a weakly interacting condensate. Hence, 
the many-body ground-state wavefunction of the conden- 
sate |BEC,iV) corresponds to the quasi-particle vacuum 
defined by the relation Sfe|BEC,iV) = 0,Vfc. Thus, we 
obtain 



[Spoilt 
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= ( cosh ( - tanh ^ 



N{kL) 



(3) 



kl/2- 



where hks — mc is the momentum of an atom moving at 
the speed of sound, which is related to the chemical po- 
tential by /i = m(? . Enhancement of spontaneous emis- 
sion in a BEC is significant if kg becomes comparable to 
the wavevector fc^ of the emitted photon since for small 
momentum transfer = k1/k\. Eq.(||) and its inter- 
pretation are the major results of this paper. It should 
be noted, that this enhancement of spontaneous emission 
in a BEC is distinctly different from the phenomenon of 
superradiance as discussed by Dicke [ p2[ . Supperadiance 
occurs due to the collective emission of radiation in a sam- 
ple of atoms prepared in the excited state. In contrast, 
the enhancement discussed here affects a single electron- 
ically excited atom due to macroscopic occupation in the 
final state of the recoiling atom. 

The result of Eq.(^) that spontaneous emission in a 
weakly interacting BEC is enhanced, is striking in view 
of our earlier finding 0| that light scattering in a BEC 
is suppressed. The operator describing a light scattering 
event with momentum transfer q is the Fourier trans- 
form of the atomic density operator /5(q)= X^m '^'in+qO-m- 
If /3(q) acts on |BEC, iV), only terms involving the zero- 
momentum state m — Q yield significant contributions. 
By applying Fermi's golden rule we found that the scat- 
tering rate is proportional to the norm of the state vector 



(aJao + aSa_,)|BEC,7V) 



N 



(4) 



(at +a_,)|BEC,7V) 



|e+) + |e- 



where we have replaced aj and ag by \/N following the 
usual Bogoliubov formalism |]l3| . After transforming to 
Bogoliubov operators we obtain a suppression factor of 



M) = (e|e) = K - ^q? 



(5) 



which is the static structure factor for a BEC. Gener- 
ally, the static structure factor is the normalized response 
of a system to a perturbation with wavevector q. For 
small q, corresponding to phonon-likc quasi-particle exci- 
tations, iSboscC?) = hq/2mc approaches zero. Light with 
wavevector k^ scattered at an angle 9 imparts a momen- 
tum hq = 2hkLsm{6/2) to the atomic system. By inte- 
grating Eq.(||) over all possible scattering angles 6 and 
accounting for the dipolar emission pattern, we find that 
Rayleigh scattering from a BEC is suppressed by a factor 



pscatt 
-^Bosc 
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kL 
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(6) 



For comparison, we briefly summarize the suppres- 
sion of spontaneous emission and light scattering for a 
fermionic system. A Fermi gas at T = with Fermi mo- 
mentum tikp is characterized by iV(k) = 0{kp — k), i.e. 
all momentum states with k < kp = (67rn)^/'^ are occu- 
pied. If we add an electronically excited atom at rest to 
the Fermi sea, its spontaneous decay rate is suppressed 
by a factor 



(7) 



When off-resonant light with initial wavevector kL is 
scattered from a filled Fermi sphere into an outgoing wave 
with final wavevector -|- q, the scattering rate is sup- 
pressed by [0 



5fermi(q)= ^ dk A^(k) (1 - A^(k + q)) 



(8) 



4&-Tfc ff0<9<2fc^. 



if 9 > 2kp. 

Eq.(||) is the static structure factor for a Fermi gas at 
zero temperature. Integrating over all possible scattering 
angles 9 and accounting for the dipolar emission pattern, 
we find that the total suppression factor for Rayleigh 
scattering from a Fermi sea is given by 



Fi 
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70 kf 
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if kr < kf. 



Fermi 
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(9) 
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Fig. H shows the influence of quantum degeneracy on 
the atom-light interaction. Using Eqs.(^,(||),(0), and 
we have plotted the rates for spontaneous emission 
(solid lines) and light scattering (dashed lines), normal- 
ized by the single-atom rates, for a weakly interacting 
BEC (Fig.pl) and a degenerate Fermi gas (Fig.|l|b). A 
significant deviation from the free-particle rate is clearly 
observable if the photon-momentum is comparable to kg 
for bosons and kp for fermions. 
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1. Modification of spontaneous emission (solid line) 



and light scattering (dashed line) due to quantum degeneracy. 
In a) we have plotted the enhancement factor for spontaneous 
emission and the suppression factor for light scattering for a 
weakly interacting Bose- Einstein condensate as a function of 
the light wavevector in units of fcs, the wavevector of an 
atom moving at the speed of sound. In b) the suppression fac- 
tors for spontaneous emission and light scattering in a Fermi 
gas at T = are plotted as a function ai kh in units of the 
Fermi wavevector hp- 

Let us now discuss the intrinsic difference between 
atom-light interaction in a BEC and in a degenerate 
Fermi gas. In a Fermi sea, the suppression of both light 
scattering and spontaneous emission is a single-particle 
effect caused by the non-availability of final states due 
to the Pauli exclusion principle. Indeed, one would ob- 
tain the same result for spontaneous emission as for light 
scattering (Eq.(^) if the initial momentum of the excited 
atom were randomly distributed over the Fermi sphere. 

In an interacting BEC the situation is significantly dif- 



ferent because pair correlations in the ground state, i.e. 
many-body effects, are responsible for both the enhance- 
ment of spontaneous emission and suppression of light 
scattering. The finite population in states with k ^ 
due to quantum depletion lends a very intuitive explana- 
tion for the enhancement of spontaneous emission. If the 
interactions in the condensate are sufficiently strong such 
that momentum states with k = k^ have non- negligible 
occupation, spontaneous emission of an atom at rest is 
enhanced by bosonic stimulation. This intuitive argu- 
ment is correct, but it would incorrectly predict that light 
scattering is also enhanced. 

The suppression of light scattering occurs due to the 
correlation between the admixtures of states with mo- 
mentum k and —k. This leads to a destructive quantum 
interference between the two processes \N,0,0) hq ^ 
\N,l,0) and |iV-2, 1, ^ |iV, 1,0), in which either 
an excitation with momentum — q is annihilated or an 
excitation with momentum q is created. Both processes 
transfer momentum q to the condensate and are indi- 
vidually enhanced by bosonic stimulation. Therefore, a 
simple rate equation model would predict enhanced light 
scattering. However, since the initial states are correlated 
the two processes leading to the same final state interfere 
destructively for a BEC with repulsive interactions and 
light scattering is suppressed. 

The results presented above for suppressed light scat- 
tering in both bosonic and fermionic systems also apply 
to the scattering of massive impurities. This has been 
studied theoretically for degenerate Bose and Fermi 
[16,p7t gases, and was experimentally observed in a BEC 

How strong would the enhancement of spontaneous 
emission in currently realized Bose-Einstein condensates 
be? Condensates of ^^Na atoms confined in an optical 
trap have reached a density of 3 x 10^^ cm^'^ For 
this density the speed of sound Tiks/m = 2.8cm/s and 
the recoil velocity ?ifci/m — 2.9cm/s are approximately 
equal and we find NiltL) ~ 0.15. Thus, the observation 
of enhanced spontaneous emission in a BEC is within 
experimental reach. Excited atoms at rest could be pro- 
duced by Doppler free two-photon excitation, a scheme 
already used to probe condensates of atomic hydrogen 
using the Is 2s transition Another possibility is 
to inject ground-state atoms with momentum hk^ into 
a condensate and use a counter-propagating laser beam 
to excite them and bring them to rest. The enhance- 
ment of spontaneous emission could then be observed as 
frequency broadening of the absorption line. 

The fact that light scattering is suppressed, but spon- 
taneous emission is enhanced, could be exploited for stud- 
ies of decoherence in a BEC. When a photon is absorbed 
by a BEC (the first step of light scattering), it creates a 
(virtual) excited state that has an external wavefunction 
which includes pair correlations. Any decoherence of this 
coherent superposition state, for example by interaction 
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with the thermal cloud, could destroy the interference 
effect discussed above and turn the suppression of light 
scattering into an enhancement. 

In conclusion, we have discussed suppression and en- 
hancement of light scattering and spontaneous emission 
in quantum degenerate systems, and shown that in a 
weakly interacting BEC, the quantum depletion can en- 
hance spontaneous emission by bosonic stimulation. This 
contrasts earlier results on suppressed light scattering in 
a BEC. As we have shown, both the reduced light scatter- 
ing and the enhanced spontaneous emission in a BEC are 
related to quantum depletion of the condensate. How- 
ever, the enhanced spontaneous emission appears to be 
physics beyond the Gross-Pitaevskii equation, while the 
static structure factor S(q) and the reduced light scatter- 
ing can be obtained from the Gross-Pitaevskii equation 

During preparation of this manuscript we found a theo- 
retical paper ]2l|] which predicts an enhancement of light 
scattering in a weakly interacting Bose-Einstein conden- 
sate contrary to our findings. 
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